An electric charge-tunable micro-column (CTMC) was developed as a precolumn for reversed-phase capillary chromatography using conductive carbon fibers as the stationary phase. The carbon fibers, which constitute one electrode, are packed into a heat-shrinkable tube, which is attached to a stainless-steel column body. The mobile phase flows into CTMC through a stainless-steel tube that acts as a counter electrode. The retention times for hydrophobic and ionic compounds are controlled by the applied potential. The characteristics, such as the electrolysis efficiency and shift in retention factor, were evaluated. As a case study, estrogens in spiked beef were analyzed by capillary chromatography. With no applied potential, the resolution between the unknown peak and estriol and the recoveries of estriol were 0.81 and 65.5%, respectively. These values improved to 1.2 and 78.8%, respectively, upon applying +500 mV. These results indicate that a high-resolution capillary chromatography system can be achieved with CTMC.
Introduction
Recently, many high-resolution chromatography techniques, such as two-dimensional liquid chromatography (2DLC) [1] [2] [3] [4] and ultra performance liquid chromatography (UPLC), 5, 6 have been developed and applied for the research of complex samples. In particular, 2DLC separation is a powerful tool for biological analyses, such as proteomics and metabolomics. Although 2DLC can achieve a high resolution when combining two different columns, such as ion-exchange and reversed-phase (RP) columns, it cannot do so for RP and electrochemically modulated (EM) columns. For EM liquid chromatography, [7] [8] [9] [10] [11] [12] porous graphite carbon particles are used as a conductive stationary phase. Since the electrostatic and hydrophobic interactions between the samples and the conductive stationary phase are changed, the retention times of the sample are controlled by applying a potential to the conductive stationary phase. Although this method is a suitable tool for analyzing a biological sample in combination with a different separation method, such as RP capillary liquid chromatography, it is impossible to combine an EM column with a different capillary column, since there is no EM column with a small volume. In order to make a chromatography system with high resolution that combines the retention time control method with RP capillary liquid chromatography, it is necessary to develop an electric charge-tunable column with a small volume and high-pressure resistance. A suitable column design and the selection of a suitable stationary phase were important for the development of an electric charge-tunable micro-column (CTMC). A carbon fiber was chosen as a stationary phase for this purpose. Carbon fiber was chosen as the electrode material because it has sufficient mechanical strength and surface area and good electrode characteristics as a conductive stationary phase. Moreover, the thin fiber is suitable for the column to have a small volume. This study examined a suitable column design that uses a carbon fiber as a conductive stationary phase; the developed column was built into capillary liquid chromatography (CLC) systems. This column's characteristics were evaluated by examining the electrolysis efficiency, decomposition of the redox compounds and shift in the retention factor using these CLC systems. The electrolysis efficiency was examined in order to evaluate the upper limit of a sample loading amount on to CTMC. Moreover, if the compounds are converted from detectable form to undetectable form by CTMC, the separation between a converted compound and an unconverted compound is improvable. Thus, the decomposition of the redox compounds was examined to evaluate the separation improvement.
An electrochemical detector was used for one of these CLC systems. The CLC system with an electrochemical detector can be useful for analyzing compounds in a complex matrix because of its high resolution and sensitivity. To demonstrate this CLC system's applicability to the analysis of compounds in a complex matrix, it was applied to the analysis of estrogens in beef. Estrogens are female hormones. New findings have indicated that some estrogens, or their metabolites, play a role in human carcinogenesis, such as the development of breast, prostate, and ovarian cancers. [13] [14] [15] [16] In Japan, a recent increase in estrogendependent cancers roughly parallels an increased consumption of beef. Hormonal steroids, including 17β-estradiol, are implanted in cattle to promote growth. 17 Therefore, the measurement of estrogens in beef is important for Japanese healthcare. Usually, the concentrations of estrogens in biological samples are very low. 18 Therefore, this analysis of estrogens in beef is suitable for showing the applicability of this system. In this study, CTMC was developed and built into an RP-CLC system with an electrochemical detector.
The CTMC characteristics were examined using this system. This system was applied to analyzing beef spiked with estrogens.
Experimental

Apparatus
In this study, three types of CLC systems were used, which are shown in Figs. 1A and 1B. System 1 (Fig. 1A ) was used to evaluate the electrolysis efficiency of CTMC; system 2 ( Fig. 1B ) was used to evaluate the separation characteristics of CTMC; and system 3 ( Fig. 1B) was used to analyze estrogens in beef.
System 1 was a CLC-coulometric ECD system. This system comprised an MP711i pump (GL Science, Tokyo), C4-0004-.05 microbore internal injector (Valco, Houston, TX), Monocap C18 fast-flow monolithic column (150 mm × 0.2 mm i.d., GL Science), LC-4C electrochemical detector (BAS, Tokyo), and EZ Chrom Elite integrator (GL Science). CTMC was connected to a monolithic column and used as a micro-volume coulometoric electrochemical cell. In this case, the conductive stationary phase in CTMC acted as a working electrode.
System 2 (Fig. 1B) was a CLC-UV system. The system components were the same as those of system 1, except for the column, potentiostat, and detector. Moreover, it was connected to CTMC differently from system 1. An Inertsil ODS-3 Capillary EX-Nano column (150 mm × 0.2 mm i.d., 3 μm, GL Science), HAB-151 potentiostat (Hokuto Denko, Tokyo) and MU701 UV detector (GL Science) were used as a separation column, potentiostat for CTMC, and detector, respectively. CTMC was inserted between the injector and separation column, since CTMC was used as a precolumn. The mobile phase flow path was separated into two flow paths at the T-joint (h1) before the injector. One flow path was connected to the injector, and the other to the T-joint (h2). Details on how the CTMC was connected are described in the Results and Discussion section.
System 3 was a CLC-ECD system. This system was the same as system 2, except for a detector. An LC-4C electrochemical detector (BAS) was used to detect estrogens. A commercially available electrochemical cell (BAS) was constructed from a glassy carbon working electrode (f3.0 mm), Ag/AgCl reference electrode, and stainless-steel auxiliary electrode.
The compositions and connection methods of CTMC are described in the Results and Discussion section.
X-ray CT images of the conductive stationary phase
In order to check the packing state of the carbon fibers in CTMC, sectional and three-dimensional images of the conductive stationary phase were obtained using TDM1000H-II X-ray CT (Yamato Scientific Co., Ltd., Tokyo). The X-ray CT operating conditions were as follows: X-ray tube voltage of 35 kV, current of 0.1 mA, and X-ray energy of 35 keV. The obtained resolution was 3.0 μm. The scan time was 27 min.
Reagents and materials
The reagents 4-n-propylphenol, 4-n-butylphenol, and p-cresol were obtained from Tokyo Chemical Industry (Tokyo). Trifluoroacetic acid (TFA, 98.0%), potassium hydroxide, lithium perchlorate, hydrochloric acid (36%), ethyl acetate, anhydrous sodium sulfate, salicylic acid (99.5%), 5-aminosalicylic acid, 4-hydroxybenzoic acid (95%), estrone (E1, 100%), 17β-estradiol (E2, 98.6%), and estriol (E3, 99.9%) were obtained from Wako Pure Chemical Industries (Osaka). Acetonitrile (for LC/MS) was obtained from Kanto Chemical (Tokyo). Other reagents and HPLC solvents were obtained from Wako Pure Chemical Industries. Deionized and distilled water was used throughout all of the trials.
Preparation of estrogens in beef samples
Commercial Australian beef was used as the sample. After removing fat from the beef, 1.0 mol l -1 potassium hydroxide in 1.0 cm 3 ethanol and 20 mm 3 of an estrogen standard solution containing 1.0 mmol dm -3 E1, E2, and E3 were added to the 0.5 g beef sample. A potassium hydroxide ethanol solution was used for saponification of the estrogen esters. The beef mixture was homogenized. The beef homogenate was sonicated (10 min) and vigorously stirred (1 min). The sonication and stirring were repeated five times. After 4.0 cm 3 of ethyl acetate was added to the beef homogenate and the mixture was vigorously shaken (1 min), 1.0 cm 3 of water was added to the mixture, which was then vigorously shaken again. After centrifugation (3000 rpm, 5 min), the water layer was removed. Then, 1.0 cm 3 of 1.0 mol dm -3 hydrochloric acid was added to the ethyl acetate layer. The mixture was vigorously shaken and centrifuged (3000 rpm, 5 min); the water layer was then removed. These manipulations were carried out to remove the water-soluble and basic compounds from the ethyl acetate layer. The ethyl acetate layer was collected. Then, 4.0 cm 3 ethyl acetate was added to the residue and vigorously shaken (1 min). After centrifugation (3000 rpm, 5 min), the ethyl acetate layer was collected. Anhydrous sodium sulfate was added to the collected ethyl acetate to dehydrate. The dehydrated ethyl acetate layer was collected in a new test tube and evaporated under a nitrogen gas stream. The dry residue was dissolved in a 1.98 cm 3 mobile phase, and then filtered through a 0.45-μm membrane filter. The mixture was mixed with 20 mm 3 of a 150 μmol dm -3 4-n-propylphenol (I.S.) solution. Finally, 0.05 mm 3 test solution aliquots were injected into the CLC-ECD system.
Results and Discussion
Design of the electric charge-tunable micro-column
A schematic illustration of CTMC is shown in Fig. 1C . CTMC had a two-electrode setup. The working electrode (WE) acted as a conductive stationary phase, and was 12 carbon strings consisting of 400 carbon fibers per string (GF-20-P7, Nihon Carbon, Tokyo). Each carbon fiber had a diameter of 10 μm. These fibers were inserted into a heat-shrinkable tube. The tube shrank when heated, which caused the fibers to become densely packed. The shrunken tube's inner diameter was 1.0 mm. Sectional images and a three-dimensional image are shown in Fig. 1D . The width of the channel and the void ratio in the conductive stationary phase were calculated from these images. The channel width was less than 30 μm, and the void ratio was approximately 30%. These results indicate that the carbon fibers were densely and homogeneously packed in the heat-shrinkable tube. This tube was cut in lengths of 1.8 mm, and used as a conductive stationary phase. The column body was a stainless-steel ultralow volume precolumn filter (GL Science, Tokyo, Japan). The conductive stationary phase was set in the column body instead of the filter. To apply a potential from outside the column body to the carbon fibers, the carbon fibers were placed in contact with the stainless-steel column body, working as a conductor. A stainless-steel tube was used as a counter electrode (CE).
In order to insulate this tube and the column body, a short PEEK tube was inserted between them. This column was connected to a capillary column to form a micro-volume coulometric electrochemical cell (system 1) or precolumn (systems 2 and 3).
CTMC was connected to the CLC systems differently for system 1 and systems 2 and 3. For system 1, CTMC was used as an electrochemical cell and connected to the outlet side of the separation column. The samples eluted from the separation column flowed into CTMC and then the stainless-steel tube, which was used as a counter electrode. For systems 2 and 3, the mobile phase was separated at the T-joint (h1 in Fig. 1B) . One flow path was connected to the injector, and the other path was connected to the T-joint (h2 in Fig. 1B) . The injector was connected to CTMC by a fused silica capillary tube, and the T-joint (h2) was connected to CTMC by the stainless-steel tube, being used as a counter electrode. The capillary tube was passed through the T-joint (h2) and stainless-steel tube. The samples, that were injected from the injector into the system, flowed into CTMC through the capillary tube. The mobile phase from the other flow path, which was connected to the T-joint (h2), flowed into CTMC to outside the capillary tube in the stainless-steel tube. The mobile phase containing the samples that flowed through the capillary tube and the other mobile phase which flowed through outside of capillary tube in the stainless-steel tube were mixed at the inlet of CTMC and flowed into carbon fiber column electrode in CTMC. By using this connection method, the samples flowed into the conductive stationary phase in CTMC directly without contact with the stainless-steel tube working as the counter electrode. Therefore, it was possible to observe the interaction between the samples and the stationary phase without causing redox reactions at the counter electrode.
Evaluation of the electric charge-tunable micro-column
The effects of the flow rate and sample concentration on the electrolysis efficiency of the developed column were investigated. System 1, shown in Fig. 1 , and p-cresol were used as the evaluation system and sample, respectively. The electrolysis efficiency was calculated by following equation:
where A is the peak area, n the electron number, C the sample concentration (mol dm -3 ) and V the sample volume (dm 3 ). The unit of the peak area is coulomb. To optimize the applied potential to CTMC, a hydrodynamic voltammogram was measured.
The obtained hydrodynamic voltammogram indicated that the peak area of the p-cresol was increased with an increase of the applied potential to CTMC. Moreover, the peak area became constant when the applied potential was 1100 mV or more. Thus, 1100 mV was chosen as the optimal applied potential to CTMC. The results of the flow rate effect are shown in Fig. 2A , and the results of the sample concentration effect are shown in Fig. 2B . Figure 2A shows that more than 94% of the sample could be electrolyzed at flow rates of up to 8.0 mm 3 min -1 using CTMC, and that the electrolysis efficiency decreased with further increases in the flow rate. Figure 2B indicates that nearly 100% of the sample could be electrolyzed at sample concentrations of up to 10 μmol dm -3 (sample volume: 0.05 mm 3 ) using CTMC and that the electrolysis efficiency decreased with increasing the sample concentration. These results showed that the applied potential to the CTMC stationary phase could be controlled, and that the sample could be efficiently placed into contact with the carbon fiber stationary phase in the developed precolumn. The average and RSD of the electrolysis efficiency (10 μmol dm -3 , 6.0 mm 3 min -1 , n = 10) were 94.5 and 0.57%, respectively.
The separation characteristics for CTMC were evaluated when CTMC was used as a precolumn. System 2, shown in Fig. 1B , was used for this investigation. Here, 5-aminosalicylic acid, 4-hydroxybenzoic acid, salicylic acid, 4-n-propylphenol, and 4-n-butylphenol were used as the evaluation samples. The applied potential to CTMC was changed from -400 to +400 mV, and the peak heights and retention factors (k) of these compounds were measured. A void volume, which was calculated from the retention time of uracil at open circuit, and each sample's retention time, which was calculated by EZ Chrom Elite integrator, was used to calculate each sample's retention factor. The decomposition of the redox compounds and shift in the retention factors were evaluated based on these results.
Chromatograms of the standard samples are shown in Fig. 3 . These chromatograms were obtained at applied potentials of (A) -300 and (B) +300 mV to CTMC. As shown in Fig. 3 , five peaks were detected at -300 mV, but only four peaks were detected at +300 mV. The peak that disappeared was for 5-aminosalicylic acid. Moreover, when the applied potential was changed to -300 mV after these samples were measured at +300 mV, the unknown peak was eluted. These results suggest that 5-aminosalicylic acid was oxidized and adsorbed onto the conductive stationary phase. Thus, 5-aminosalicylic acid was not eluted from CTMC and not detected by the UV detector. The symmetry factors of the peaks in Fig. 3 are approximately 1.3. Since peak tailing did not appear by using capillary LC system without CTMC, peak tailing was caused by using CTMC.
CTMC can act as a highly efficient coulometric electrochemical cell. Based on the redox reaction on the stationary phase in CTMC, the redox compounds were efficiently converted to forms that were not eluted or detected. Thus, by using CTMC to remove the interfering compounds from the sample, the separation of the sample can be improved.
The hydrophobic and electrostatic interactions between sample and stationary phase were investigated to examine the separation characteristics of CTMC. Here, 4-n-propylphenol and 4-n-butylphenol were used to evaluate the hydrophobic interaction, and 4-hydroxybenzoic acid and salicylic acid were used to evaluate the electrostatic interaction. The retention factors (k) of these samples were measured at applied potentials of -400, -200, 0, 200 and 400 mV. In order to evaluate the hydrophobic interaction, the separation factors (α) between 4-n-propylphenol and 4-n-butylphenol were calculated from the retention factors and plotted against the applied potential to CTMC. In the case of evaluating the electrostatic interaction, the retention factors at an open circuit were subtracted from the retention factors at each applied potential to remove any effect of the ODS column. The natural logarithms of these subtracted retention factors of 4-hydroxybenzoic acid and salicylic acid were plotted against the applied potential to CTMC. These results are shown in Figs. 4A and 4B. The error bars for the values in Fig. 4A indicate the standard deviation for each value. One standard deviation was calculated from three replicate injections. In Fig. 4B , the error bars for the values of ln k are smaller than the data points. Figure 4 indicates the hydrophobic and electrostatic interaction results. As shown in Fig. 4A , the separation factor between 4-n-propylphenol and 4-n-butylphenol reached its maximum near -200 mV. This result indicates that the potential of zero charge (PZC) was near -200 mV, and that the hydrophobicity of the carbon fiber stationary phase surface was at its maximum there.
In the electrostatic interaction, the retention factors of 4-hydroxybenzoic acid and salicylic acid increased with an increase in the applied potential. Figure 4B shows a linear relationship between the retention factors and the applied potential (r > 0.9355). These results indicate that the retention of each analyte is proportional to the applied potential.
The above results indicate that the samples were efficiently contacted with the stationary phase in CTMC, and that the sample retention behaviors could be controlled by changing the applied potential to CTMC.
Application of CTMC to determine estrogens in spiked beef
The LC conditions were optimized to determine the estrogens. The CLC-ECD system (system 3) shown in Fig. 1B was used. Estrone (E1), estradiol (E2), and estriol (E3) were used as the estrogens. The mobile phase, flow rate, and applied potential were optimized. The applied potential to CTMC was found to be 0 mV through an examination for optimization of the LC conditions. An acetonitrile/water mixture containing 50 mmol dm -3 lithium perchlorate was used as the mobile phase. The ratio of water to acetonitrile in the mobile phase was examined concerning its influence on the separation for determining the estrogens. The higher was the content of water, the greater was the separation of these peaks. To determine estrogens in spiked beef with adequate resolution within a short time, an acetonitrile/water mixture (2/3, v/v) was chosen as being the most suitable mobile phase. A flow rate of 1.8 mm 3 min -1 was selected as the most suitable flow rate for determining estrogens with high sensitivity and adequate resolution. Hydrodynamic voltammograms were taken in order to select the optimal detection potential for determining estrogens. Estrogens were oxidized at potentials of more than +500 mV vs. Ag/AgCl. The value of +750 mV vs. Ag/AgCl was adopted for highly sensitive determination without loss of selectivity and reproducibility in this study. Under these conditions, the chromatographic peaks of E3, E2, 4-n-propylphenol (I.S.), and E1 were obtained at 4.45, 14.1, 18.5 and 21.0 min, respectively. The resolution (RS) values between E3 and E2, E2 and I.S., and I.S. and E1 were 10.9, 4.92, and 2.31, respectively. The relative standard deviations (RSDs) of the peak heights for estrogens were less than 1.22%, indicating that the present CLC-ECD provides accurate separation and elution of estrogens. Thus, the optimal CLC conditions in this study were an acetonitrile/water mixture (2/3, v/v) containing 50 mmol dm -3 lithium perchlorate for the mobile phase, a flow rate of 1.8 mm 3 min -1 , and an applied potential of +750 mV vs. Ag/AgCl.
The peak height of the obtained chromatogram was found to be linearly correlated to the amount of estrogens in the standard solution from 0.2 to 15 pmol (r > 0.999), i.e., the concentration of estrogens from 4 to 300 μmol dm -3 . The accuracy of the present method is given in Table 1 . The regression equation with regression coefficients showed good linearity. Each amount of 0.5 pmol estrogens was detected with an RSD of 1.22% (n = 5). The detection limits (S/N = 3) for E1, E2, and E3 were 31.7, 25.8, and 28.5 fmol, respectively: i.e., the concentration of the detection limit (S/N = 3) for E1, E2, and E3
were 171, 141, and 164 μg cm -3 , respectively. When the applied potential was changed from 0 to +500 mV, each peak height and noise level was almost the same value. Therefore, the detection limits for E1, E2 and E3 were almost same within this range. ; applied potential to the electrochemical cell, +750 mV vs. Ag/AgCl; applied potential to CTMC, 0 mV; sample amount, 0.5 pmol; sample volume, 0.05 mm 3 . Fig. 6 Effect of applied potential to CTMC for separation improvement. The amount of the spiked estrogen standards was 0.5 pmol, each. Applied potential to CTMC: (A) +100, (B) +500, (C) +700, (D) +900 mV. Other CLC-ECD conditions were the same as those shown in Fig. 5 .
To examine whether the recovery rates of estrogens in the beef were influenced by the applied potential to CTMC, tests were carried out. The RSDs of the estrogens' recovery for the spiked beef were measured. The obtained chromatograms are shown in Figs. 5A and 5B, which show chromatograms for a beef sample and a beef sample spiked with standard estrogens, respectively. The latter sample was spiked with 0.5 pmol of each estrogen. The chromatogram in Fig. 5A indicates that estrogens in the beef were not detected using the present method. The estrogens' recoveries from the beef spiked with the standard estrogens were 101% (E1), 102% (E2), and 65.8% (E3), respectively. The RSDs (n = 3) of E1, E2, and E3 were 1.34, 3.03, and 1.09, respectively. Since the E3 peak could not be separated from the unknown peak, the recovery rate of E3 was lower than those of E1 and E2. Potential was applied to CTMC to separate the E3 peak from the unknown peak and improve the recovery of E3. Rs between the unknown peak and E3 peak and the recovery of E3 were measured. Figure 6 shows chromatograms obtained at potentials of (a) +100, (b) +500, (c) +700 and (d) +900 mV. When the potential was +100 mV, Rs and the recovery were 0.81 and 65.5%, respectively. When the potential was +500 mV, Rs and the recovery improved to 1.2 and 78.8%, respectively. Since the unknown peak was partially oxidized in CTMC, the unknown peak area was decreased. On the other hand, since E3 was not oxidized in CTMC, the peak area and retention time of E3 were not changed. Thus, the separation between the unknown peak and E3 peak was improved. Moreover, the influence of the unknown peak on the oxidization of E3 was decreased by improving the separation between the unknown peak and E3. Therefore, since the electrolysis efficiency of E3 was improved, the E3 recovery increased.
From the hydrodynamic voltammogram, which was taken to optimize the LC conditions, E3 was oxidized at more than +500 mV. Therefore, at +700 mV, although Rs increased to 1.29, the recovery decreased to 77.5%. Since E3 was already partially oxidized in CTMC, E3 could not be detected by the electrochemical detector. Thus, the E3 recovery decreased. At +900 mV, E1 and E2 could not be detected, and the E3 recovery could not be calculated. These results indicate that Rs and the recovery can be improved by using CTMC and applying adequate potential.
Conclusions
In this study, CTMC was developed and applied to analyzing beef spiked with estrogens. The characteristics of CTMC were evaluated. To apply adequate potential to CTMC, electrochemically active compounds were electrolyzed with high efficiency. By electrolyzing the compounds, the interfered peaks were removed, and the separation of the analytes was improved. Moreover, the retention times of the hydrophobic and ionic compounds could be controlled to apply an adequate potential to CTMC. These results suggest that CTMC is a useful tool for improving the separation. When this column was applied to analyzing estrogens in spiked beef, the separation and recovery were improved when an adequate potential was applied to CTMC. Based on the above results, this column is a useful tool for the analysis of compounds in a complex matrix.
